The impact of nanocarriers in increasing efficacy and reducing toxicity of a variety of drugs has been the subject of numerous research studies over the past three decades. One of the challenges in the delivery of drugs using nanoconjugates continues to be the fabrication of well-defined particulates with reproducible size and shape. Polyamidoamine (PAMAM) dendrimers are highly branched, circular, "tree-like" structures that consist of a carbon core that is attached to symmetrical layers (generations) of branches. Dendrimers were first described by Buhleier *et al*.\[[@ref1]\] in 1978 and later studied extensively by Tomalia *et al*. in the context of utilizing PAMAM dendrimers in drug delivery.\[[@ref2][@ref3]\] A detailed review by Samad *et al*.\[[@ref4]\] illustrates different types of dendrimers and their characteristic differences from hyperbranched and linear polymers, micelles and globular proteins. Dendrimers offer several structural advantages, such as (1) precise molecular weight, required for reproducible pharmacokinetic data, (2) size monodispersity, (3) compact globular shape, (4) high density of structural functionalities, potentially leading to a higher drug payload and (5) a well-defined structure that allows for better control over toxicity and release properties, which make them excellent candidates for drug delivery vehicles.\[[@ref5][@ref6][@ref7]\] A drug or a ligand can be attached to the perfectly branched monodisperse macromolecules using relatively simple synthetic processes. As illustrated, the use of dendrimers in drug delivery has great potential; however, it has not been fully explored.\[[@ref8]\] PAMAM dendrimers have been studied as carriers in gene transfection,\[[@ref9][@ref10][@ref11]\] a number of drug delivery applications\[[@ref12][@ref13][@ref14]\] and as carriers for a variety of therapeutic and imaging agents,\[[@ref10][@ref15][@ref16][@ref17][@ref18]\] but the translation of dendritic nanocarriers from bench to bedside, i.e. in clinical applications, remains unrealized. A recent review has explored the application of dendrimers for a variety of drug delivery applications.\[[@ref19]\]

Despite several advantages of PAMAM dendrimers for passive drug targeting, reports have shown that there is a possibility that lower generation anionic and polar terminal surfaced dendrimers are relatively less biocompatible compared to high generation cationic and non-polar dendrimers.\[[@ref20][@ref21]\] However, in a study using KB and Rat2 cells, Hong *et al*. showed that fairly high concentrations (\>500 nM) of cationic dendrimers were required to induce toxicity in the cell lines.\[[@ref22]\] Since most PAMAM dendrimers are small molecules, water soluble, non-immunogenic and rapidly cleared from blood,\[[@ref23]\] it is not required to be biodegradable to prevent bioaccumulation, thus reducing the potential of carrier related toxicity.\[[@ref24]\] The common approaches of drug delivery using dendrimers include either encapsulation of the drug into the core of the dendrimer or chemically attaching the drugs to the surface of dendrimers. Depending on the generation number of the dendrimers, the PAMAM dendrimers could have terminal acid or amine groups ending in --COOH or --NH~2~ and anticancer drugs such as 5-fluorouracil and methotrexate (MTX) could be successfully conjugated to dendrimers.\[[@ref25][@ref26]\]

In a large clinical study, the superiority of using cisplatin with MTX and other anticancer drugs in carcinoma of the uterine cervix was demonstrated.\[[@ref27]\] MTX is an antineoplastic agent whose mechanism of action is to competitively bind to dihydrofolate reductase with greater affinity than folic acid. Thus, it inhibits the conversion of dihydrofolate to tetrahydrofolate that is responsible for the synthesis of purine nucleotides and thymidylate, which subsequently serve as substrates for deoxyribonucleic acid (DNA) synthesis necessary for cell proliferation. Therefore, MTX successfully inhibits tumor cell proliferation in the S-phase of the cell cycle. However, it interferes with normal cell proliferation as well, leading to its extensive and serious adverse effects, including cardiovascular, dermatologic, hematologic and gastrointestinal toxicities, to name a few. A number of studies indicate that conjugation of anticancer drugs, such as doxorubicin or MTX to nanostructured polymers, significantly reduces their systemic toxicity and provides an improved therapeutic outcome.\[[@ref28]\] In addition, the principle of enhanced permeation and retention (EPR) enriches drug accumulation in the tumor tissues\[[@ref24][@ref29][@ref30]\] by virtue of accumulating the nano-object in the rapid angiogenesis-prone "leaky" tumor vasculature compared to normal tissues, thus enhancing the therapeutic index of the carrier.\[[@ref31]\] It was also postulated that the amino groups of PAMAM dendrimers could be protonated at the low pH of the tumor cells, which could facilitate endosomal osmotic swelling followed by the rupture of endosome and release of the loaded drug.\[[@ref32]\] Therefore, the potential exists for reduction of adverse effects of MTX, along with the potential for improved tumor targeting through selective EPR by using dendrimer-MTX complexes in the treatment of carcinoma of the uterine cervix.

The objective of the present work was to synthesize MTX-PAMAM dendrimer nanoconjugates and evaluate their effect on cell viability in the uterine cancer cell line, MES-SA. Since the potential toxicity of PAMAM dendrimers has been questioned\[[@ref21][@ref33]\] appropriate controls were used in the cell viability experiment to study the same.

Materials and Methods {#sec1-1}
=====================

MTX, USP was purchased from Spectrum Chemical, Gardena, CA, USA. PAMAM dendrimers (Dendrimer PAMAM (NH~2~)~128~, generation-5, amino surface groups, 1,12-diaminododecane core, molecular weight: 28965.08) in methanol (10% w/v) were purchased from Sigma Aldrich, Inc., St. Louis, MO, USA. Dicyclohexylcarbodiimide (DCC) was obtained from VWR, West Chester, PA, USA. Dimethyl sulfoxide (DMSO) was received from Alfa Aesar, Ward Hill, MA, USA. Trypsin ethylenediaminetetraacetic acid (EDTA), 1 × (0.25% trypsin/2.21 mM EDTA in Hanks balanced salt solution without sodium bicarbonate, calcium and magnesium) and penicillin-streptomycin solution (5000 IU/ml penicillin, 5000 μg/ml streptomycin) were purchased from Mediatech Inc., Herndon, VA, USA. Fetal bovine serum was purchased from Atlanta Biological, Lawrenceville, GA, USA. Triple distilled Nanopure^®^ water prepared in the laboratory was used for all applications.

Synthesis and purification of MTX-dendrimer conjugates {#sec2-1}
------------------------------------------------------

All lab ware was cleaned carefully to avoid the introduction of foreign particulates in the formulations and formulation processing involving potentially harmful organic solvents were limited to a certified chemical hood. MTX (1 mg), PAMAM-G5-NH~2~ dendrimer (10 μl, 10% w/v in methanol, 0.791 g/ml at 25°C) were dissolved in 1 ml DMSO followed by addition of DCC (5 mg). The mixture was stirred continuously for three days at room temperature in complete darkness. The MTX-dendrimer conjugate is formed by a reaction between --NH~2~ end groups of dendrimer and the --COOH group of MTX (especially the γ-COOH group of MTX) \[[Figure 1](#F1){ref-type="fig"}\]. The reaction mixture was purified by dialyzing against DMSO for 24 hour to remove free MTX and DCC. Although the size distribution of the dendrimer-MTX conjugate was expected to be in the nanometer range, the product was filtered through a sterile membrane filter to ensure preparatory aseptic processing for cell culture studies, as well as the removal of any residual particulate dicyclohexylurea (DCU) that formed as a byproduct and may have precipitated during the conjugation process. An earlier report indicated the conjugation ratio of MTX to hydrazide-terminated dendrimers was 4.7.\[[@ref26]\]

![Scheme of synthesis of polyamidoamine-G5-NH2-methotrexate conjugate](JPBS-6-297-g001){#F1}

The purification of dendrimer conjugates was carried out by dialysis in a 3000 Da MWCO Slide-A-Lyzer dialysis cassette (Pierce, Rockford, IL, USA) against phosphate buffered saline (PBS, pH 7.4). Approximately 3 ml samples were collected for analysis from the external phase at intervals of 15 min, for 2 hour. The volume of dialysis media removed was immediately replaced with fresh PBS to maintain sink conditions. The samples were analyzed by UV spectroscopy at 289 nm (Perkin-Elmer UV/VIS Spectrometer, Waltham, MA, USA).

NMR experiments were performed using a Bruker AVANCE 250 MHz NMR spectrometer (Richland, WA, USA) to access the formation of the MTX-dendrimer conjugate through the evaluation of its chemical structure. NMR spectra were obtained for MTX, dendrimer, DCC and the MTX-dendrimer conjugate, for comparative analysis.

Cell culture {#sec2-2}
------------

The MES-SA cells (ATCC^®^ CRL-1976™, human uterine sarcoma cells) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in McCoy\'s 5A modified medium with l-glutamine media (ATCC, Manassas, VA, USA) with antibiotics and 10% fetal bovine serum (Atlanta Biological, GA, USA). A humidified 5% CO~2~ environment at 37°C was used to grow the cells, which were passaged every 3-4 days.

MES-SA cell growth characteristics {#sec2-3}
----------------------------------

In order to determine the cell seeding density and drug treatment intervals for the cells being studied, it was important to study its short-term (\~72 h) growth characteristics. A growth analysis was performed to assess the rate and extent of proliferation of the MES-SA cells. Approximately 10,000 cells (by volume, based on count) were plated in each well of a 6-well cell culture plate. The cells were detached using trypsin at various time intervals (0, 22, 27, 45, 50, 69 and 73 h), centrifuged and re-suspended in a fixed volume of media, following which the number of cells was determined through counting on a hemocytometer (Hausser Scientific, Horsham, PA, USA). A growth curve was plotted using the average of three readings each from three experiments (*n* = 9).

MES-SA uterine sarcoma cell viability *in vitro* {#sec2-4}
------------------------------------------------

The effect of the dendrimer-MTX conjugate on the cell survival of MES-SA cells was evaluated using the MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide\] assay. Briefly, after the MES-SA cells grew to 80-90% confluency, the cells were trypsinized and 40,000 cells were plated in each well of three 96-well plates. Following a 24 h incubation period, standardized dilutions of MTX (125-1000 ng/ml; control) in media, MTX-dendrimer complex (equivalent to 125-1000 ng/ml MTX) in media, dendrimer (concentrations equivalent to the corresponding MTX-dendrimer treatment group; control) and blank media (control of cell viability) were equitably distributed among the 96-well plates and incubated for 48 h for cell viability study. At the end of the experimental period, 10 μl of MTT reagent was added to each well and incubated at 37°C for 4 h to allow for the cleavage of the MTT reagent which leads to the formation of the purple formazan crystals. In order to solubilize the formazan product, 100 μl of isopropanol/HCl was added to each well and mixed thoroughly by pipetting to yield a homogenous purple solution. Since MTT assay is not considered an end-point assay, fixed time protocols were followed to ensure that each treatment followed identical exposure time. Plates were read using a microplate reader (AD 340 Beckman Coulter™, Beckman Coulter, Inc., Fullerton, CA, USA) at a test wavelength of 570 nm and a reference wavelength of 630 nm.

Statistical analysis {#sec2-5}
--------------------

Statistical analysis of data was carried out using Origin™ (OriginLab Corporation, MA) and the significance level was considered at *P* \< 0.05. Standard error of mean (±) was included in every plot.

Results and Discussion {#sec1-2}
======================

Synthesis and purification of MTX-dendrimer conjugates {#sec2-6}
------------------------------------------------------

Previously, attempts have been made to conjugate MTX to several natural and synthetic carriers through amide or ester bond formation using a carbodiimide -mediated reaction.\[[@ref14]\] In this study, we chose to synthesize and study conjugates of MTX with a 5^th^ generation cationic dendrimer (PAMAM-G5-NH~2~) because of the *in-vivo* tumor targeting potential offered by the carrier and the feasibility of amide bond formation between this particular drug and the dendrimer. The formation of the conjugate was evaluated through UV and NMR spectroscopy. Free MTX was separated from the conjugate using dialysis, followed by evaluation and quantitation by UV spectroscopy. Negligible amounts of free MTX (\<0.1%) were found in the dialysate, which indicated that the bulk of the reactants culminated in the formation of conjugates between the MTX and the dendrimer. However, it is also possible that free MTX was sequestered within the DCU mass that precipitated out and was removed by filtration prior to dialysis. A symmetric UV peak indicated homogeneous attachment of MTX to the G5 dendrimer.

^1^H NMR studies were carried out to further confirm the conjugate formation between the MTX and the dendrimer. The ^1^H NMR spectra of MTX, the G5 PAMAM dendrimer with NH~2~ end groups, DCC and the MTX-dendrimer conjugate are shown in [Figure 2](#F2){ref-type="fig"}. The ^1^H NMR data indicated that a conjugate formed between the drug and the dendrimer. The peaks in the aromatic region of 6.5-8.5 ppm are shown in the ^1^H NMR spectra of MTX \[[Figure 2a](#F2){ref-type="fig"}\] which correlate to the aromatic rings of MTX. The peak at 3.4 ppm corresponding to the CH~3~ on the N and peaks corresponding to aliphatic region were also observed in the ^1^H NMR spectra. The spectra showed a peak at 4.9 ppm, which correlated to the CH next to the NH of the amide or the CH~2~ next to the NCH~3~. The peak at 2.5 ppm was a DMSO solvent peak. MTX has COOH groups; however, there was no peak observed in the COOH region. This could be due to a peak shift, rapid exchange of hydrogen due to hydrogen bonding, or the sample being too diluted. The sharp peak at 3.2 ppm observed in the ^1^H NMR spectra of the dendrimer \[[Figure 2b](#F2){ref-type="fig"}\] corresponds to the free amino end groups present on the surface of the dendrimer. The spectrum of DCC was similar to its NMR spectra described in the literature. The ^1^H NMR spectra of DCC showed peaks in the CH~2~ region of 1-2 ppm and the peaks at 3.2 ppm represent CH~2~ groups in its cyclohexane ring and the CH-N bond, respectively \[[Figure 2c](#F2){ref-type="fig"}\]. The ^1^H NMR spectra of the MTX-dendrimer conjugate showed a peak at 3.4 ppm which likely represents the dendrimer (CH~2~ attached to N of dendrimer) with a shifted peak because it was conjugated to the MTX. The peak observed at 2.6 ppm is likely a DMSO solvent peak, otherwise it may be due to the free amino groups on the dendrimer, since it was such an intense peak. There was no peak observed for DCC in the spectra for the conjugate because it was either filtered out or removed by dialysis prior to analysis. These NMR spectroscopy results indicated that a drug-dendrimer conjugate was formed, but there was no conclusive evidence of the formation of covalent bonds.

![^1^H nuclear magnetic resonance spectra of. (a) Methotrexate (MTX). (b) G5 polyamidoamine dendrimer with NH~2~ end groups, (c) Dicyclohexylcarbodiimide and. (d) MTX-dendrimer conjugate](JPBS-6-297-g002){#F2}

MES-SA cell growth characteristics {#sec2-7}
----------------------------------

Knowledge of the time frames required for the doubling of cells and reproducible results regarding their healthy proliferation ensures that the results obtained from the cell survival studies (MTT assay) are reliable. The short-term growth rate of the MES-SA cells was determined to be linear with a correlation coefficient of \>0.90 (*R*^2^ = 0.9082). The growth curve is shown in [Figure 3](#F3){ref-type="fig"}. The results obtained validated the treatment schedule, i.e. the test formulations were being applied to the MES-SA cells in appropriate intervals.

![MES-SA growth curve](JPBS-6-297-g003){#F3}

MES-SA uterine sarcoma cell viability *in vitro* {#sec2-8}
------------------------------------------------

It was shown by Quintana *et al*. that free MTX was released upon internalization of conjugates due to the hydrolysis of the ester bonds in the acidic endosomal environment.\[[@ref34]\] Therefore, the free dendrimer liberated will be effectively eliminated by the kidney due to its very small size of about 5.5 nm.\[[@ref35]\] A previous report examined the effect of PAMAM dendrimer-MTX conjugates in human acute lymphoblastoid leukemia and Chinese hamster ovary cell lines.\[[@ref14]\] Their results showed that their conjugate had 8-24 times the sensitivity as compared to the drug alone. A closer examination of MTX\'s mechanism of action explains why it may be beneficial to conjugate the drug to a drug delivery system, such as a dendrimer. As stated previously, MTX inhibits nucleotide synthesis, eventually halting DNA replication. MTX entry into human cells is limited due to the negative charge on the carboxylic acid groups at physiologic pH. Therefore, MTX is taken up into human cells through carrier mediated transport; however, since this is an active transport process, the capacity of the transport is limited. The cationic nature of dendrimer conjugate interacts electrostatically with negatively charged epithelial cells and enters the cells through fluid phase pinocytosis.\[[@ref36]\] Therefore, dendrimer conjugates can increase drug payload in the diseased tissue, while limiting toxic effects to healthy tissues because of the EPR effect. Consequently, *in vivo* therapeutic efficacy is likely to improve, while overall toxicity may be decreased further due to a lesser amount of drug being needed per unit dose.

The MTT assay is a colorimetric assay that measures the reduction of MTT reagent by mitochondrial succinate dehydrogenase. The reduction rate and extent of the MTT reagent depends on the number of viable cells present in the well. The absorbance values obtained in the MTT assay are proportional to the viable cell number. The absorbance of this colored product is measured using a microplate reader and is directly proportional to the number of the viable cells. The extent of cell survival was calculated based on the number of viable cells present after treatment with the drug, dendrimers or conjugates, considering the cell survival upon treatment with media as 100% (control). The cell survival after treatment with blank media, MTX, dendrimer and MTX-dendrimer conjugate is shown in [Figure 4](#F4){ref-type="fig"}. When comparing equal amounts of MTX-dendrimer conjugate and MTX, the conjugate showed a significantly greater cell kill than the drug alone. It was also noted that the percentage of decrease in cell viability was proportional to the concentration of MTX-dendrimer conjugate from 125 to 750 ng/ml while a similar trend was not followed at 1000 ng/ml of equivalent MTX. Interestingly, the percentage of decrease in cell viability for MTX from 125 to 750 ng/ml was not significantly different. This is an important observation that indicates that the increase in concentration of the drug does not affect the cell viability unless it is conjugated with dendrimer that facilitates the cellular uptake. The conjugate also killed a greater number of cells at nearly all of the concentrations. This supports the argument that the dendrimer and MTX bond is not unnecessarily strong and successfully liberates MTX in the cellular environment.\[[@ref37]\] The cell study indicated that the conjugate is the most successful, overall, at killing the MES-SA cells.

![Percent cell survival of blank media, methotrexate (MTX), dendrimer and MTX-dendrimer conjugate (*n* = 3, mean ± standard error of mean)](JPBS-6-297-g004){#F4}

It is to be noted that the dendrimer itself had an effect on the cell viability compared to the media alone. This was an observation similar to reported by Kuo *et al*. that cationic dendrimers affect cell viability in a dose-dependent manner.\[[@ref38]\] Based on a recent study by Choi *et al*.\[[@ref39]\] and previous reports,\[[@ref22]\] it could be postulated that dendrimers cause changes in membrane permeability (or formation of holes) whereby the conjugated drug is internalized and released for therapeutic action. However, the toxicity of cationic dendrimers in cell culture system could be quite different from *in vivo* toxicity. In their study, Baker *et al*. have reported that in *in vivo* studies the experimental mice showed no gross acute or chronic toxicity for 99 days.\[[@ref40]\] This could be attributed to rapid clearance of the dendrimer as well as its conjugates from the blood.

Conclusions {#sec1-3}
===========

In this study, we synthesized G5 dendrimer-MTX conjugates by attaching MTX to a NH~2~ terminated dendrimer. The conjugation was confirmed by ^1^H NMR spectroscopy and UV spectroscopy. The *in vitro* cytotoxicity study using MES-SA cells showed significantly superior cytotoxicity of conjugates compared with free MTX. The cellular uptake of MTX dendrimer conjugates into MES-SA uterine sarcoma cells was successful. The MTX-dendrimer nanoconjugates can be used for targeting cervical cancer where it has the potential of significantly reducing the cytotoxicity to normal cells, when administered intravenously or through local tumor injection.
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